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Abstract—The widespread deployment of phasor measurement 
unit (PMU) over power systems makes it possible to monitor and 
analyze grid dynamics in real-time. Low frequency oscillation is 
harmful to power system equipment and operation, and in the 
worst-case scenario may lead to cascading failures. Therefore, it 
is critical to detect and identify them as soon as they appear. 
This paper presents an online low frequency oscillation detection 
and analysis (LFODA) system, which has the merit of 
significantly reducing the chance of false alarm via a voting 
schema and a time-serial filter. A novel algorithm based on 
density-based spatial clustering of applications with noise 
(DBSCAN) is proposed to classify oscillation modes as well as to 
group their corresponding buses/monitoring sites. Performance 
of the LFODA system is evaluated through experiments using 
both simulated and real-world PMU data. 
 
Index Terms—PMU, low frequency oscillation, local mode, 
inter-area mode, DBSCAN, clustering analysis.  
I. INTRODUCTION  
As the interconnected power system becomes larger and 
involves more unsynchronized distributed energy resources, 
especially the wind farm, the possibility of oscillation in the 
power grid increases. According to [1], the low frequency 
oscillation can be classified into local and global (inter-area) 
modes. Both types of oscillations will become harmful when 
the grid has insufficient ability to damp them out. Long period 
of local oscillation can destroy individual devices, such as 
generator shafts. Moreover, the inter-area oscillation with 
negative damping factors can cause cascading outages in the 
grid [2]. For example, the widespread blackout on August 10, 
1996 in western North America is caused by negatively 
damped inter-area oscillation [3].  
Consequently, a high performance oscillation detection 
and analysis system is critical for system operators. Firstly, 
during oscillation events, the oscillation detection and alaysis 
system should be able to detect all kinds of oscillations 
quickly and accurately. The detected oscillations should be 
analyzed in real-time, reported with its modes, frequencies, 
damping factors, damping magnitudes, phasor angles and its 
corresponding buses. Secondly, when the monitored power 
grid in its normal operation status, the number of false alarms 
reported by the system should be as less as possible. At last, 
when implemented into the large inter-connected power grid, 
the system should be able to execute in real-time, as a result, 
high efficiency calculation is needed.  
To detect and analyze the low frequency oscillation, many 
oscillation detection algorithms are introduced and developed 
such as PRONY, Matrix Pencil (MP), Hankel Total Least 
Square (HTLS), Eigenvalue Realization Algorithm (ERA), 
etc. PRONY is one of the most famous algorithm for 
oscillation analysis since its good performance for disturbance 
data, however, it is too sensitive for ambient data [4]. Both 
MP and HTLS are accurate at low signal-to-noise, but their 
performance decreases when higher level noise is involved 
[5]. As a result, all these algorithms always trigger false 
alarms when processing the ambient data.  
Besides these widely used algorithms, various platforms 
for oscillation detection are developed for either online or post 
event. Paper [6] introduced a post event analysis tool for 
oscillation. However, this oscillation detection tools only 
provides off-line oscillation analysis. An online oscillation 
detection software is developed by ABB [7]. This software 
focuses on only inter-area oscillation. WSU has a complete set 
of platform for online oscillation detection and post-event 
oscillation analysis [8, 9]. This platform implements three 
different oscillation detection algorithms. The final decision 
for each time step bases on crosschecking results from all 
three oscillation methods. High calculation cost makes the 
online oscillation analysis impossible when installed into a 
large power system.  
Concludes from literature review, to overcome 
disadvantages of current oscillation detection platforms, a 
novel online low frequency oscillation detection and analysis 
(LFODA) system with an ensemble filter is proposed. Since 
PMU measurements have high-resolution which makes it 
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possible to observe power system’s dynamic information, the 
LFODA system takes the PMUs’ measurements as the input 
and reports detected oscillation event along with analyzed 
results as outputs. An enhanced voting schema among 
multiple oscillation algorithms is implemented to reduce the 
number of calculation. Besides, the detected potential 
oscillation will be further verified by a time-serial filter in 
order to remove false alarms. At last, to behave towards 
various oscillation types and modes, DBSCAN method is 
applied to classify oscillation modes and to group their 
corresponding buses. 
II. ONLINE LFODA SYSTEM 
In this section, the detailed structure and operation of 
LFODA system are introduced.  
The LFODA system starts by updating data at each site of 
the power grid monitored by PMUs. The LFODA system can 
execute measurements from PMUs such as: frequencies, 
voltage magnitudes, voltage phasor angles, current 
magnitudes, current phasor angles, active powers, etc. as the 
input. Outputs of the LFODA system include the detected 
oscillation’s parameters which contain oscillation frequencies, 
damping magnitudes, damping factors, phasor angles. The 
detected oscillation are classified by modes and corresponding 
buses are grouped by each oscillation mode.  
The proposed LFODA system contains three major parts: 
the real-time data pre-processing part, the potential oscillation 
detection part, the oscillation modes clustering part. The 
flowchart of the proposed LFODA system is shown in Fig. 1. 
A. Data Pre-processing Part 
In data pre-processing part, the LFODA system has several 
functions: update inputs for the system; remove the data with 
errors; normalize the input data.  
• Since the proposed LFODA system is expected to take 
real-time data for the power grid in large scale, the 
availability of the updated data is affected by either 
latency from PMU device or the communication network 
[10]. As a result, the LFODA system needs to check the 
availability of updates for each monitored bus.   
• The measurement data from PMUs may have significate 
errors which have impact on the LFODA system’s 
operation. For example, repeating historical data periodic 
will lead to false alarms of the oscillation detection.  
• Normalization of input data is another important step. 
Since the oscillation detection’s threshold is evaluated by 
percentage, the normalized input can improve the 
accuracy of the oscillation detection and analysis.   
B. Oscillation Detection Part  
In oscillation detection part, the LFODA system includes 
two functions: detect oscillation for each site; prevent false 
alarm by the ensemble filter with an enhanced voting schema 
and a time-serial filter. 
In the proposed LFODA system, oscillation detection 
algorithms such as PRONY, HTLS and MP are implemented. 
All these classic oscillation detection methods are very 
sensitive to data with oscillation modes. Consequently, 
oscillation events can be detected accurately. However, the 
over sensitivity of detection methods always trigger too many 
false alarms which affects the performance of LFODA system. 
To reduce false alarms, many current platforms or system 
loosen their sensitive thresholds for the oscillation detection. 
Consequently, the accuracy of the oscillation detection is also 
reduced. In the LFODA system, a novel ensemble filter is 
proposed to reduce the false alarm but can keep the accuracy 
of the oscillation detection in the meantime. The ensemble 
filter includes two units: a voting schema and a time-serial 
filter. 
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Fig. 1. The Flowchart of the LFODA System 
1) The Voting Schema:  
  
As [9] stated, all PRONY, HTLS and MP algorithms are 
time consuming, especially when handling large amounts of 
data. In order to keep the LFODA system operates in real-
time, it is necessary to reduce the redundancy of calculation.  
In general, to approve a decision by a group of individuals 
(for example, A, B and C), A, B and C will make their own 
judgement separately but simultaneously. The final decision of 
this group is made based on the majority rule.  
The Fig. 2 shows an improved voting schema. Instead of 
waiting for decisions from A, B and C, the proposed voting 
schema lets A make judgement first. If A denies, the final 
decision is denied. In case A approves, B will be the next to 
make decision. If B also approves, then the final decision is 
“approve” without C’s decision. Otherwise, the final decision 
is based on C’s decision.  
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Fig. 2. The Enhanced Voting Schema 
 
2) Time-serial Filter 
In practical, PMUs’ measurements contains lots of noise 
which may lead to false alarms. On the other hand, detected 
oscillation, which the system operators are interested in, 
should have constant parameters, especially the frequency. If 
the detected oscillation’s frequency changes significantly 
during two continuous detection windows, either the previous 
oscillation mode disappeared or merged into current mode. 
Neither case is necessary to trigger the oscillation alarm. In 
LFODA system, to remove false alarms, a time-serial filter is 
applied to crosscheck between two continuous detection 
windows. 
C. Oscillation Modes Clustering    
In the oscillation modes clustering part, to help system 
operators learn the oscillation events easily and clearly, all 
detected oscillations will be further classified into different 
modes. For each mode, corresponding buses will also be 
grouped.  
Firstly, the detected oscillations will be classified as local 
mode or inter-area types. For each type, the oscillation will be 
further classified into different modes if more than one mode 
is detected. Secondly, all interrelated sites/buses will be 
grouped. At last, all parameters for oscillation will be posted. 
In real-world, due to the noise from communication 
network and the measurement errors from PMU devises, the 
detected oscillation’s parameters such as frequency may have 
mirror changes among different sites within the same 
detection periods. Oscillation parameters may also be various 
during two continuous detection windows.  
In practical, when handling high volume of data in real 
time, an automatically and accurately clustering method is 
necessary. DBSCAN, a density-based clustering algorithm, 
given a set of oscillation parameters, it groups together modes 
that are close to each other.  
III. CASE STUDY 
In this section, the LFODA system is experimented by 
several cases. Firstly, case studies with simulated data are 
executed by LFODA system. Two cases with local or inter-
area oscillation mode are tested respectively to proof the 
accuracy of the oscillation detection and analysis. And then, 
case studies with real-world PMUs’ measurements are 
executed. The large amount of ambient data is to demo the 
calculation efficiency of the LFODA system.  
A. Case Studies with Simulated Data  
Two test cases from “Test Cases Library of Power System 
Sustained Oscillations” [11] are accomplished in this section. 
Both cases were created by simulation on a reduced WECC 
179-bus, 29-machine system model. The sample rate of the 
signal is 30 Hz and the length of signal is 5 seconds in each 
case. 
In Case I, there is one local oscillation mode with 
frequency at 1.4 Hz. An inter-area oscillation mode with 0.37 
Hz is included in Case II. The simulated data with 179 buses 
monitored by PMUs  are shown in Fig. 3..   
 
(a) Case I: one local oscillation at 1.4 Hz. 
 
  
(a) Case II: one inter-area oscillation at 0.37 Hz. 
Fig. 3. Case Studies with Simulated Data 
Outputs for each case are shown in Table 1 and 2 
respectively. 15 buses are detected with the local oscillation 
mode in Case I. For Case II, five buses with generators are 
reported with inter-area oscillation mode. Both test results of 
the LFODA system are similar as the standard results 
published in [11]. Fig. 4 shows detected oscillations’ mode 
shapes which present the relationship of oscillation’s 
magnitude and phasor angle. The LFODA system operation 
time for single time-step (1 second) is less than 700 ms. Case 
studies with simulated data proof that the LFODA system can 
detect and analyze oscillation events accurately and in real-
time.  
Table 1. Results for Case I 
Type Frequency (Hz) Site ID 
Local 
Oscillation 
1.4010 
4; 10; 11; 14; 
22; 40; 53; 68; 
87; 106; 131; 
147; 165 
 
Table 2. Results for Case II 
Type Frequency (Hz) Site ID 
Inter-area 
Oscillation 
0.3703 6; 9; 13; 47; 79 
 
  
                   (a) Case I                            (b) Case II 
Fig. 4. Mode Shapes of Detected Oscillations 
B. Case Studies with Real-world PMUs’ Measurements 
In this section, two cases using actuality data are executed 
by the LFODA system. The actuality data are from Jiangsu 
Province in China. The size of Jiangsu province is around 39.6 
sq. miles. Until 2016, there are 155 PMUs installed. More than 
1,000 transmission lines and transformer are monitored [12, 
13]. The coverage of PMUs is shown in Fig. 5.  
1) Case III: One Historical Oscillation Event 
In Case III, actuality data of PMU measurements for a 
historical oscillation event is fed into LFODA system. The 
sample frequency of PMU measurement is 25 Hz. One local 
oscillation mode is detected. The original data and outputs of 
the LFODA system are shown in Fig. 6 and Table 3 
respectively.  
2) Case IV: Ambient Data from 144 PMUs’ 
Measurements 
In Case IV, one minute of actuality data are tested by the 
LFODA system. For each PMU, all available lines monitored 
are reported to the LFODA system. In summary, there are 
more than 800 lines measured by 144 PMUs are tested in Case 
IV. And parts of PMU measurements are shown in Fig. 7. For 
each operation time-step (one second), the LFODA system’s 
processing time is less than 800 ms.  
 
Fig. 5. PMU coverage of Jiangsu Province, China 
 
Fig. 6. The PMU Measurement 
Table 3. Results for Case III 
Type Frequency (Hz) Site ID 
Inter-area 
Oscillation 
0.9878 000ZPb 
 
  
 
Fig. 7. Parts of PMU measurements of Jiangsu Province, China 
In Case IV, the power grid of Jiangsu province is in its 
normal status. And all actuality data inputted into LFODA 
system is ambient data. As expected, no oscillation is detected. 
Besides, by applying the ensemble filter, all potential false 
alarm is removed.   
Fig. 8 shows the numbers of calculation for PRONY, 
HTLS and MP for the LFODA system and “crosscheck” 
method which runs all three oscillation detection algorithms 
for each time step. 
For each PMU’s measurements, PRONY algorithm will do 
one oscillation detection test in both LFODA system and 
“crosscheck” method. As a result, the total number of 
calculations of PRONY is same and equals to 8,640 (144 
buses * (1 minute / 1 second)). 
Differently, the number of calculation for HTLS is 
significantly reduced in LFODA system, since the HTLS 
algorithm only scans the buses with potential oscillation 
reported by PRONY. Similarly, in LFODA system, MP 
algorithm only scans buses which PRONY and HTLS has 
different decisions.  
 
Fig. 8. Number of Calculations 
IV. CONCLUSION 
This paper discussed an online LFODA system with an 
ensemble filter. During oscillation event periods, the LFODA 
system can detect and analyze oscillations rapidly and 
accurately. DBSCAN method is applied to classify detected 
oscillations into different modes. For each mode, correlated 
buses are grouped at the same time. During the power 
system’s normal operation periods, the LFODA system can 
remove false alarms by executing the ensemble filter. For both 
cases, the LFODA system has very high calculation efficiency 
by applying the enhanced voting schema.  
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